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Purpose: to see whether aneurysmal aortic wall mechanics can be used as a predictor of abdominal aortic aneurysm
(AAA) rupture.
Method: among 285 individuals, followed conservatively for AAA and monitored for aneurysm growth and wall
mechanics on at least one occasion at our institution between January 1991 and January 1998, eleven subsequently
ruptured. Wall mechanics were estimated as stiffness (b). This was calculated from diameter and pulsatile diameter
change, determined non-invasively by an ultrasonic echo-tracking system and blood pressure obtained by the auscultatory
method. The results were compared with those of 121 individuals electively operated on for AAA.
Results: no difference in aortic stiffness was found between those that subsequently ruptured (b=35, median) compared
to those non-ruptured (b=38, median) AAAs (p=0.855). There was no difference in diameter in ruptured (58.8 mm)
compared with non-ruptured (54.1 mm) AAAs (p=0.129). All ruptured AAAs showed an expansion of diameter over
time.
Conclusion: this study shows no difference in aneurysmal aortic wall mechanics in those AAAs that subsequently
ruptured compared with electively operated AAAs. The results indicate that it is not possible to use aneurysmal aortic
wall stiffness as a predictor of rupture.
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Introduction of the material inadequate, or a combination of these
two factors leads to rupture. The mechanical properties
Conservative or surgical management of abdominal of the arterial wall are mainly determined by the
matrix components of the wall. These are pre-aortic aneurysm (AAA) is based on the estimated risk
of rupture vs. operative mortality and morbidity in dominantly elastin, collagen and smooth-muscle cells.
Thus, changes in composition and structure of thecombination with the patient’s life expectancy. Several
variables are known to increase the risk of rupture: wall will alter its mechanics and might be a predictor
of rupture. This is supported in studies by Bradburyincreasing size,1 AAA expansion rate,2,3 hypertension,4
chronic obstructive pulmonary disorders,4 smoking,5 et al.9 and Wilson et al.10 Their results indicate that low
aneurysmal stiffness might be a predictor of rupturefamily history,6 and a large relative AAA size com-
pared with the individual body size.7 Among these independent of AAA diameter. To test this hypothesis
we retrospectively reviewed all our aneurysms fol-variables the aneurysm size remains the most im-
portant predictor of rupture. However, it is a well- lowed conservatively for growth and wall mechanics
between January 1991 and January 1998 and identifiedknown fact that not all large aneurysms rupture,
whereas some small aneurysms may.8 Thus, for the those that had ruptured. These results were compared
with the electively operated AAAs during the sameindividual patient these variables are unreliable, and
there is a need for a better predictor. period of time and a healthy non-smoking reference
population.11–14From a simplistic mechanical point of view, AAA
rupture may be regarded as a case of material failure.
Either the applied load is excessive, the tensile strength
Materials and Methods
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Hospital, S-205 02 Malmo¨, Sweden. for AAA and monitored for aneurysm growth and
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wall mechanics on at least one occasion between Jan- included for on-line monitoring of pulsatile vessel
diameter. In the system used the smallest detectableuary 1991 and January 1998. The reason for con-
movement is 7.8 lm.16,17 The repetition frequency ofservative management was either that the AAAs were
the echo-tracking loops is 870 Hz, and the consequenttoo small to justify surgery or that the patients were
time resolution approximately 1.2 ms.medically unfit for surgery. Of the 285 individuals,
Calculation of various distensibility indices is based155 were still in the follow-up programme at the time
on the non-linear pressure/diameter relationship ofof the study, whereas 130 were not. Of these 130
the arterial wall, with a more distensible part at smallerindividuals, 70 had died from causes unrelated to their
than at larger distension.15 This means that the obtainedAAA, 31 had undergone elective AAA repair, 18 were
distensibility value is dependent upon which partunwilling or medically unfit for follow-up, and 11
of the pressure/diameter curve the systolic/diastolicwere found to have ruptured AAAs. The diagnosis of
diameter variation is measured at. This must be takenrupture was confirmed during autopsy in five patients,
into account when different populations with differentduring emergency surgery in four patients, and clin-
blood pressures are compared. To overcome the prob-ically in combination with computerised tomography
lem with pressure dependence when calculatingin two patients.
distensibility, Hayashi et al. in 1980 constructed aTwo patients who subsequently had aneurysm rup-
relationship which was less pressure-dependent.18 Itture had not been scanned for more than 6 months
was later modified and applied in vivo by Kawasakibefore their aneurysm rupture occurred. One was due
et al. and called “stiffness” (b).19 The reduced pressureto loss of follow-up (66-year-old male). The other was
dependence of stiffness (b) has also been confirmeddue to the fact that she was medically unfit for surgery
by us12,13 and is therefore used in this study.(83-year-old female). This other 83-year-old woman
had an attempted repair of her aneurysm on an elective
basis 2 years before rupture but resection was not Stiffness (b)=
ln (P systolic/P diastolic)
(D systolic-D diastolic)/D diastolicpossible, due to severe hypotension during dissection.
The 11 patients with ruptured AAA were compared
In the equation P systolic (mmHg) and P diastolicwith a cohort of a total of 121 AAAs (male n=101, (mmHg) are the maximum systolic and end-diastolic
female n=20) admitted for elective repair between blood pressure levels, respectively. D systolic (mm)
1991 and 1996.11 The results were also compared with and D diastolic (mm) are the corresponding vessel
those of a healthy non-smoking reference popu- diameters. Mean arterial blood pressure (MAP) was
lation.12–14 The investigation was approved by the taken as the diastolic pressure + one-third of the
Ethics Committee, Lund University, Sweden. pulse pressure. The assumption and the formula for
The method for calculating vessel-wall stiffness and calculating stiffness is extensively discussed in the
non-invasive monitoring of pulsatile diameter changes work of Hayashi et al.18 and Kawasaki et al.19
in the distal abdominal aorta has previously been Arterial blood pressure was measured by the aus-
described.15 Briefly, we use an electronic echo-tracking cultatory method with a sphygmomanometer on the
instrument (Diamove, Teltec AB, Lund, Sweden) in- left arm immediately after measurement of the puls-
terfaced with a real-time ultrasound scanner (EUB- atile diameter change. The pressure within the blood-
240, Hitachi, Tokyo, Japan) and fitted with a 3.5 MHz stream of the aneurysm was estimated as being equal
linear array transducer. All examinations were per- to the transmural pressure of the aneurysmal wall.20
formed with the subjects in the supine position and Ideally, arterial pressure and pulsatile diameter change
after at least 15 min of rest. Measurements were made should be measured at the same site where stiffness (b)
at the maximum anterior–posterior diameter of the is estimated. Brachial-arterial cuff pressure, however, is
aneurysm. The aorta was visualised in a longitudinal more accessible, and was therefore approximated as
section on the real-time image. Two electronic markers, the blood pressure in the abdominal aorta. This as-
each representing one tracking gate, were aligned with sumption could be questioned, because pulse pressure
and locked onto the echoes from the posterior interface increases from the aorta towards the periphery. This
of the anterior wall and the anterior interface of the is the result of a wave reflection from the periphery,
posterior wall, respectively. The echo-tracker measures which augments the peak of pressure waves in peri-
the distance between the vessel walls perpendicular pheral arteries close to the reflection site. This has
to the longitudinal axis of the vessel. A data-acquisition been described as occurring mainly in young and
system containing a personal computer type 386 (Ex- healthy individuals. With increasing age, however, the
press, Tokyo, Japan) and a 12-bit analogue-to-digital pulse-wave velocity increases so that the pressure-
wave augmentation occurs in central arteries as well.converter (Analogue Devices, Norwood, U.S.A.) was
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Table 1. Patient age, aneurysm diameter, last stiffness value and blood pressure in those aneurysms
that subsequently ruptured compared with those undergoing elective operation. Values are given as
median and range.
Ruptured AAA Electively operated p-value
(n=11) AAA
(n=121)
Age (years) 78 (60–86) 71 (49–84) 0.007
Diameter (mm) 58.8 (43.0–78.3) 54.1 (38.4–92.6) 0.129
Stiffness (b) 35.3 (16.3–118.7) 37.8 (10.5–92.6) 0.855
Systolic pressure (mmHg) 148 (120–225) 155 (108–210) 0.248
Mean arterial pressure (mmHg) 107 (91–160) 110 (81–154) 0.450
Diastolic pressure (mmHg) 85 (75–127) 92 (60–115) 0.620
Table 2. Patient age, sex, last aneurysm diameter and aneurysm diameter increase of the individuals
with ruptured AAA. Values in brackets refer to the last time diameter was measured before rupture.
Age Sex Time between last Last measured Increase in diameter
(years) examination (with aneurysm diameter between first and last
measurement of both examination
diameter and stiffness) (%/year)
and rupture
66 Male 2 years 43.0 –
72 Male 17 days 78.3 28
77 Male 7 months 55.9 11
78 Male 1 month 75.8 –
79 Male 2 months 50.8 –
80 Male 3 months 76.6 –
84 Male (4) 1.5 years 72.0 11
86 Male (2) 9 months 61.5 14
60 Female 5 months 52.6 15
77 Female 3 months 58.8 12
83 Female 2 years 60.4 –
Thus, these differences in central and peripheral pres- was SAS system (SAS Institutes, Cary, NC, U.S.A.).
p<0.05 was considered significant. Data are presentedsures are reduced and disappear in middle-aged and
elderly.21 Furthermore, pressure, measured by the aus- as the median and range, if not otherwise indicated.
The coefficient of variation was calculated from thecultatory method in the brachial artery in the middle-
aged and elderly rather than directly in the abdominal ratio of median standard deviation and median values.
aorta, shows no age or gender differences.15 Thus, we
believe that our assumptions regarding pressure are
acceptable. Results
Each individual was examined three times with
calculation of stiffness (b) from the corresponding Data on age, aneurysm diameter, last stiffness value
diameter, pulsatile aortic diameter change and blood and blood pressure for the individuals with AAAs
pressure. The inter- and intra-observer variability (CV) that subsequently ruptured (n=11) and those AAAs
of pulsatile diameter changes in the healthy aorta with electively operated on (n=121) are compiled in Table
the system used was 10–15%. Compiled with blood- 1. Values are given as a median and range. Data
pressure measurements in calculating stiffness (b) the on age, sex, last aneurysm diameter and aneurysm
variability increased to 15–20%.22 The corresponding diameter-increase (%/year) in the individuals with
CV values in the AAA for static aortic diameter were AAAs that subsequently ruptured (n=11) are com-
2–3% and for stiffness (b) 18%.11,23 piled in Table 2. The median diameter was 60 mm
(43–78 mm). This value is larger than in Table 1 due
to the fact that later diameter measurements are in-
cluded in the calculations. This is because in ourStatistics
follow-up for AAA the diameter is always measured
but the stiffness is not always reported. This meansDifferences between groups were assessed using the
Mann–Whitney U-test. The statistical package used that a patient, usually at his or her first ultrasound
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Figs 1a-b. Stiffness (b) of the abdominal aortic aneurysms in males (a) and females (b) compared with the normal aorta in the reference
population. The unfilled boxes (females) and triangles (males) represent the aneurysms electively operated on. The filled boxes and
triangles represent the ruptured aneurysms. The solid line represents mean and the dotted lines upper and lower 95% confidence interval
for the reference population. There was no difference in aortic stiffness between those AAAs that subsequently ruptured and non-ruptured
AAAs, neither in males nor in females.
visit, has both diameter and stiffness reported but on over time. There was no difference in maximal dia-
meter in ruptured AAAs vs. AAAs electively operatedlater occasions not always stiffness. The calculation in
Table 1 is based on the last occasion when a patient on (p=0.129).
has both diameter and stiffness reported.
Figs 1a–b show no difference in aortic stiffness
between ruptured and non-ruptured (electively op- Discussion
erated on) AAAs either in males or in females (p=
0.1938). Fig. 2 shows expansion of the AAA diameter This study did not show any difference in aneurysmal
aortic wall mechanics in those AAAs that subsequently
ruptured vs. non-ruptured AAAs (Figs 1a–b). The
number of individuals with aneurysm rupture was
quite small, which makes it difficult to rule out small
differences between the groups. However, in the clin-
ical setting, when estimating risk of rupture in an
individual aneurysm, a larger difference in wall mech-
anics between ruptured and non-ruptured AAAs
would be necessary to be of value in decision-making.
The wall mechanics and integrity of the arterial wall
are mainly determined by the matrix components of
the wall. These are predominantly elastin, collagen
and smooth-muscle cells.24,25 The distensible elastin is
load-bearing at low pressures and responsible for the
elastic recoil of the artery. Collagen is 1000 times
stiffer and is load-bearing at high pressures, preventing
overdilatation and rupture of the vessel. Smooth-
muscle cells have the potential for contraction and
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relaxation with modulation of wall mechanics. The
Fig. 2. This shows expansion of the AAA diameter over time. There latter seems to be of minor importance in the ab-was no difference in maximal aneurysm diameter in ruptured AAAs
vs. AAAs electively operated on p=0.129. dominal aorta.26 Thus, the collagen-to-elastin ratio is
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the principal determinant of wall mechanics in the pressure increased with increased stiffness. They con-
cluded that the pulsatile stress, fluctuation in pressureaorta.20,27,28 In healthy arteries, stiffness increases with
age as a result of an increase in the collagen-to-elastin and the likelihood of rupture increased with increasing
stiffness of the blood vessel. An important question isratio in the wall, with men having stiffer arteries
than women.13,15,29 Furthermore, these age- and gender- whether the wall mechanics at the maximum diameter
of the AAA (where we, as well as Wilson et al.,10related differences are most pronounced in the aorta.
Thus, changes in composition and structure of the measured it) are representative when estimating risk
of rupture, since the maximum stress location in aarterial wall will alter wall mechanics. Histological
examinations of AAA reveal a disrupted thin media large aneurysm is located close to the neck.43 It is also
known that the left posterolateral location has thewith lack of elastic fibres, fibrosis and thickening of
the adventitia and neo-intima.30 Elastin content is de- greatest likelihood of rupture.44 However, it is very
difficult to measure wall mechanics at this site.creased,31–34 whereas collagen content has been re-
ported to be increased30,32,34,35 or unchanged.36 These Aneurysm rupture occurs either when the applied
load is excessive, the tensile strength of the materialchanges may be the result of increased proteolytic
activity of collagenase35,37 and elastase,38,39 in a com- is inadequate, or a combination of both. It has been
hypothesised that aortic blebs, which are weak pointsbination with a lower antiprotease activity.40 Together,
these factors will raise collagen-to-elastin ratio and in the aneurysmal wall, may predispose for an-
eurysmal rupture.45,46 These blebs are unrelated toalter wall structure, resulting in altered wall mech-
anics. aneurysm size.47 We, as well as MacSweeney et al.,
have also previously shown that aneurysmal stiffnessPrevious investigations of AAA wall mechanics in
vitro31,34 and in vivo11,33 have shown an increased stiff- is unrelated to aneurysm size.11,33 There is probably a
complex relation between aneurysmal stiffness, dis-ness of AAA. Whether wall mechanics can be used as
a predictor of AAA rupture has previously only been tending pressure and weakness of the aneurysmal wall
that determines the likelihood of rupture. Measure-investigated by Wilson et al.10 They found ruptured
aneurysms to be less stiff than those electively operated ment of aneurysmal-wall stiffness seems insufficient
for predicting aneurysm rupture at present. Anotheron. They reported stiffness values on both ruptured
and electively operated AAAs that were less than our possibility for the inability to detect AAAs prone to
rupture might be that the methodology used mainlyelectively operated AAAs,11 as well as the values of
the normal aorta in healthy non-smoking in- measures the elastin status in the aortic wall, and not
the collagen status, which might be more importantdividuals.12–14 The Edinburgh group concluded from
their data that low aneurysmal-wall stiffness is an with regard to rupture.47 It is known that only a
minor part of the collagen is load-bearing within theindependent predictor of rupture.9,10 Our data do not
confirm their results. The reason for this discrepancy physiological pressure range, which means that the
amount and function of elastin relative to collagenis unknown.
On the basis of their measurements of wall mech- will probably have the largest impact on the outcome
of the measurements.48 Previous investigations of wallanics Wilson et al. hypothesised that AAAs could be
differentiated into two types: one where further AAA mechanics have demonstrated a relationship between
elastin content and arterial stiffness.18,33 Thus, measure-enlargement is accompanied by an increase in stiffness,
another where increase in size is associated with no ment of wall mechanics with the methodology used
may rather be an indicator of the status of elastin inchange or decrease in stiffness.10 They considered the
first group to have a low risk of rupture because the the vessel wall. This is supported by the fact that
changes in the arterial-wall structure due to defects inincreased stiffness might be the result of increased
collagen deposition and/or remodelling in the aortic the fibrillin/elastin components, such as in Marfan’s
syndrome, change wall mechanics,14 whereas defectswall, which, according to them, actually confers to the
strength of the aneurysmal wall. The other group with in collagen such as Ehlers–Danlos syndrome do not
change wall mechanics to a major extent.47 Failurelow stiffness is, however, the one with risk of rupture.
This could be the result of a failure to lay down and in collagen might not be detectable during normal
pressure conditions and therefore the risk of vesselremodel collagen resulting in a weak aortic wall with
low stiffness.10 On the other hand Moritake et al. fragility cannot be predicted.
In conclusion, this study does not show any dif-hypothesised that the stiffest aneurysms might be the
ones most prone to rupture.41,42 In an experimental ference in aneurysmal-aortic-wall mechanics between
those AAAs that subsequently ruptured vs. non-rup-model, they found that when they varied distensibility
but kept blood flow and diameter constant, pulse tured AAAs. The results indicate that it is presently
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